Abstract: A novel method realized by an adjustable line scanning polarized low-coherence interferometer is proposed and experimentally demonstrated to simultaneously measure pressure and temperature. The combination of birefringence wedge and compensation plate acts as an adjustable line scanning part to adapt various sensors by changing the thickness of compensation plate. The variations of pressure and temperature manifest as shift of the corresponding interference fringes on an infrared line array CCD. The duallight-source is employed to fix the over occupation of CCD caused by an SLD with longer coherence length than an LED and enlarge the measuring range. An experiment of pressure and temperature was carried out to verify the effectiveness of the proposed method. The experimental results show that the proposed method is appropriate for the simultaneous measurement of pressure and temperature, and the sensor has a good linearity in pressure range of 3-228 kPa and temperature range of −20°C −70°C. The measurement errors of the pressure and temperature are less than 0.3%F.S. and 1.1%F.S., respectively.
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Introduction
Optical interferometry has been widely researched and applied in various fields, such as biomedicine [1] , petrochemical industry [2] and aviation industry [3] . With advantages of high sensitivity, fast response and immunity to electromagnetic interference, the optical interferometry measuring method is extensively employed in sorts of parameters measurement, for instance, temperature [4] - [6] , pressure [7] , [8] , optical refractive index [9] , [10] and strain [11] . Not only for single parameter, the optical interferometry measuring method also suits for dual-parameter simultaneous measurement, such as temperature-refractive index [12] , temperature-strain [13] , [14] and pressure-temperature [15] - [20] .
The simultaneous measurement of pressure and temperature is one of the most valuable research directions because of its broad range of applications. So far, more and more structures have been proposed on pressure-temperature sensing, such as polymer [15] , all-fiber or all silica [16] , [17] , optical fiber Bragg Gratings [18] , [19] and PCF [20] . A FBG structure with polymer coating [17] can achieve 2.5%F.S. and 0.6%F.S. precision in pressure and temperature measurement respectively. A kind of all silica sensor [19] have precisions of 1.4%F.S. and 1.6%F.S. Recently, focusing on the broadening and shift rates induced by noble gases and the temperature dependence of the collisional effect, a paper research in pressure and temperature is proposed [21] . However, the aforementioned methods all focus on the spectrum signal. The demodulation efficiency and resolution are limited by the performance of spectrograph. Volume and cost of spectrograph are also problems for application. As an important method to realize optical interference sensing with the advantages of high precision demodulation, compact and economical, the polarized low-coherence interferometry (PLCI) [22] is less discussed in the dual-parameter field.
Different from the spectrum method, PLCI needs to match the optical path difference (OPD) via a birefringence wedge. To satisfy various measurement requirements, the OPD of Fabry-Perot (F-P) sensors are usually different, which will lead to redundant configuration of birefringence wedge for each sensor. Moreover, for common white light PLCI, the coherence length is short [23] . However, in consideration of long distance transmission, a much powerful light source, for example, the superluminescent light-emitting diodes (SLD), should be used to maintain the interference intensity. The accompany problem is the broader envelope of interference signal caused by SLD with longer coherence length than LED [24] , [25] . On one hand, this problem limits the shifting scope of the interference fringe and makes simultaneous measurement difficult. On the other hand, it leads to misjudgment of the larger intensity between two adjacent pixels especially near the peak and reduces the demodulation precision.
In this paper, we proposed and experimentally demonstrated a method based on line scanning PLCI for simultaneous measurement of pressure and temperature. The birefringence wedge with compensation plate as the line scanning part make the OPD can be adjusted according to different sensors. The dual-light-source configuration successfully solves simultaneity problems. The compressed signal reduces the occupied space in pixel limited CCD to enlarge the measuring range. The pressure and temperature experiment results show that the system is appropriated to measure the pressure and temperature simultaneously. In the pressure range 3-228 kPa and temperature range −20-70°C, the sensor has a good linearity, and the pressure and temperature measurement errors are less than 0.3%F.S. and 1.1%F.S. respectively. Fig. 1 . is a simplified diagram of dual-parameter PLCI system. Two beams from two SLDs with different central wavelengths converge into one with both wave bands in the first 3 dB coupler. The converging beam has a broader wave band and transmits into a dual-parameter F-P sensor via the second 3 dB coupler module. The reflected light with OPD caused by sensor is led to the PLCI demodulation module via the second 3 dB coupler. In the PLCI demodulation module, the light go through a cylindrical lens, a convex, a polarizer, a birefringence wedge part covered by compensation plate, and an analyzer. The birefringence wedge and the compensation plate add an OPD between ordinary (O) ray and extraordinary (E) ray. The interference fringe will only appear on the infrared 1-dimension linear array CCD camera where the OPD produced by birefringence wedge and the compensation plate is equal to the corresponding OPD produced by sensor. 
Principle Analyze
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As three main components of the dual-parameter F-P sensor, a silicon circular ring is sandwiched between a thin silicon circular diaphragm and a glass tube with a capillary interstice through it, as shown in Fig. 1 . After the incidence of the converge beam, there are three different intensities of light reflected by three different reflecting surfaces, the end surface of the optical fiber 1 , the front and back surfaces of the silicon diaphragm 2 , 3 . These three reflected light will generate composite interference (a, b, and c). Focusing on the OPD that make interference happen, we can clearly see that there will be three distinct OPDs forming three lengths of F-P cavity. For a, the OPD is twice the optical path length between reflecting surface 1 and 2 , and a corresponds to the air cavity. Similarly, b and c correspond to the silicon cavity and the composite cavity, respectively. We choose the air cavity and the silicon cavity as our measurement units. The OPD of air cavity is simultaneously influenced by both pressure and temperature, and the OPD of silicon cavity is temperature dependent only. When the pressure and temperature in the environment change, the variation of two OPDs generated by air and silicon F-P cavity can be expressed as the equations:
where P and T represent the OPD of the air F-P cavity and the silicon F-P cavity, respectively. dP and dT represent the variation of the pressure and the temperature, respectively. h a and h b represent the original geometry length of a and b in Fig. 1 , respectively. ε, ξ and n represent the thermal expansion coefficient, the thermal optical coefficient, and the refractive index of the silicon diaphragm, respectively. S p = 3r
is the pressure sensitivity of the silicon diaphragm, where r is the radius of the air F-P cavity, t, E and υ represent the thickness, Young's modulus and the Poisson ratio of the silicon diaphragm, respectively. S g = S p P 0 /T 0 is the temperature sensitivity arise from residual air in the F-P cavity, where T 0 = 298 K is normal temperature, P 0 is the residual pressure in the cavity at T 0 . In our paper, the sensor has a pressure sensing cavity made of ∼ 25 μm thick air and a temperature sensing cavity made of ∼ 45 μm thick silicon diaphragm.
The birefringence wedge and compensation plate split the CCD into two different parts which corresponds to pressure and temperature interference fringe respectively, as shown in Fig. 2 . The birefringence wedge and compensation plate with orthogonal optical axes are made of same birefringent crystal which can make the OPD range for scanning more adjustable. In the meantime, the OPD is related with the angle and the length of the birefringence wedge. Taking the birefringence wedge as the positive direction, the geometric optical path d generated by birefringence wedge and compensation plate for any point P on CCD can be expressed as the following equation:
where x is the corresponding pixel number on the CCD, μ is the interval between two pixels on the CCD, θ is the angle of the birefringence wedge, S1, S2, L1, L2 is the thickness and length of the birefringence wedge and compensation plate, respectively. The corresponding OPD can be calculated by multiplying geometric optical path d by refractive index difference between the O ray and the E ray. From the equation (3), line scanning distribution is built in both with-and withoutcompensation plate parts. To ensure a single frame of the signal only have the interference fringe of pressure and temperature at each part, the OPD range that produced by each part should cover the OPD produced by air cavity and the silicon cavity, respectively, and the OPD made by composite cavity won't have corresponding position in both parts. When the OPD produced by sensor changes linearly, the associated interference fringe shifts on the CCD linearly. With a same birefringence wedge, changing the thickness of the compensation plate S2 can make the demodulation module adapt different measuring ranges, and changing the length of the compensation plate L2 can make various distribution ratios of two parts.
Dual-Light-Source and Demodulation With Dispersion
In order to get long distance sensing, we use two SLDs with different central wavelengths as the system light source. The attendant problem is the long coherence length caused by single SLD. Moreover, a broader interference envelope makes it hard to identify the peak value while environment noise is big enough, which will influence the demodulation results. Considering of the pixel limited CCD and the demodulation precision, it is essential to shorten the coherence length of the interference fringe. Meanwhile, a narrower interference envelope is in favor of expanding the measurement range. One effective method is employing dual-light-source. The interference fringe generated by single-light-source and dual-light-source is simulated in Fig. 3 . Since light source have broader wave band, the birefringence dispersion factor should be taken into account in our simulation. An interference fringe generated by single light source can be regarded as an approximate double-beam interference which can be expressed as [26] :
where I represents the interference fringe intensity using a single light source,
, α is the birefringence dispersion slope of the birefringence wedge material, h is corresponding F-P cavity length, n(k 0 ) is the birefringent crystal's refractive index difference between the O ray and the E ray while the wave number is the central wave number k 0 , k 0 = 2π/λ 0 , λ 0 is the central wavelength, k = 2π λ/λ 2 , where λ is the FWHM of the power spectrum in the wavelength domain.
When it comes to dual-light-source, the interference fringe's intensity can be considered as coherent superposition of two interference fringes generated by each light source.
where I d represents the interference fringe intensity for dual-light-source, I 1 and I 2 are the interference fringe intensity for different single light sources, respectively. The following parameter setting is as same as the experiment in this paper:
mm. x ranges from 1 to 512 as the CCD pixel number. The OPDs generated by birefringence wedge with or without compensation plate can be calculated as 0∼100.5 and 280.8∼347.8. So each of the OPDs generated by sensor can be found in two different OPD ranges provided by birefringence wedge and compensation plate. Therefore, two interference fringes are both visible. We keep the intensity of both light sources at ∼9 mW to maintain the status that they are approximately 1:1. The simulation result is shown in Fig. 3 .
From Fig. 3 , we can see the envelope is much narrower when using dual-light-source which is essential to enlarge the measurement range. Using dual-light-source configuration, we can arrange two interference fringes together in one frame of CCD, and avoid the overlap of them. With matching parameters of birefringence wedge and compensation plate, we can measure the pressure and temperature simultaneously.
For each frame of signal under different environment, we first split the signal into two parts. Each part includes an interference fringe. For each part, we deploy a monochromatic frequency absolute phase demodulation method with filtering window and compensation for frequency domain nonlinearity induced by birefringence dispersion to get the absolute phase of each interference fringe [27] , [28] . Meanwhile, the OPD of F-P cavity length has a linear relationship with variation of absolute phase according to formula [22] :
where λ u is the wavelength used in demodulation to unwrap the phase. We can relate the variations of absolute phase and the pressure or temperature from equation (1), (2), and (7).
Experiment and Discussion
The pressure and temperature experiment was carried out to verify the feasibility and performance of the proposed method. The schematic diagram of the experiment system is shown in Fig. 1 . A sealed container is used to create the pressure condition we need. The pressure could be controlled by an external pressure source with accuracy of 0.02 kPa. The container with the dualparameter F-P sensor is put into a thermostat to provide temperature changes with precision of 0.1°C. The information of the birefringence wedge and the compensation plate is listed in the Table 1 , the light sources parameter contract is listed in Table 2 :
The received signal of sensor is shown in Fig. 4 . The ravine at ∼300 pixel is formed by the edge of the compensation plate. The pressure interference fringe and temperature interference fringe lies on the left and right of the ravine, respectively.
We split the experiment into two parts. On one hand, we maintain the room temperature (25°C) and increase the pressure from 3 kPa to 228 kPa. Because of the constant temperature, thermal expansion of residual gas and silicon and thermal optical effect of silicon can be neglected. Since the pressure rising, defromation of silicon diaphragm reduces the OPD generated by air cavity, so the pressure interference fringe shifts to the left while the temperature one keeps still, as shown in Fig. 5(a) . The shift tendencies of two interference fringes in accordance with the changing of the each parameter. We set the pressure interval 5 kPa during the experiment. The absolute phasepressure and absolute phase-temperature curves are shown in Fig. 5(b) . The pressure sensitivity of pressure interference fringe and temperature interference fringe signal can be calculated as 2.592 * 10 −1 rad/kPa and 6.25 * 10 −4 rad/kPa. The measurement error of the pressure is shown in Fig. 6(a) , which is less than 0.3%F.S. On the other hand, we keep the pressure 101 kPa and increase the temperature from −20°C to 70°C. The temperature interference fringe shifts to the right direction. Since the residential gas in the air cavity expands with heat, the pressure interference fringe also shifts to the right direction as shown in Fig. 5(c) . The absolute phase-pressure and absolute phase-temperature curve are shown in Fig. 5(d) . The temperature sensitivity of pressure interference fringe and temperature interference fringe signal can be calculated as 0.18 rad/°C and 0.08 rad/°C. The measurement error of the temperature is shown in Fig. 6(b) , which is less than 
Conclusion
In this paper, we proposed a method for simultaneous measurement of pressure and temperature based on adjustable line scanning PLCI. The dual-light-source configuration successfully enlarges the measuring range and solves simultaneity problems. The birefringence wedge with compensation plate as the line scanning part could handle a large range of sensor's different F-P cavity lengths. The pressure and temperature experiment results show a good linearity of the sensor for both pressure and temperature. The method is appropriate to measure the pressure and temperature simultaneously with the F-P sensor in the range from 3 kPa to 228 kPa pressure condition and −20°C to 70°C temperature condition.
